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LCT Summary Move 10.4-m, 11 µm rms Leighton 
Telescope to CBI site inside ALMA

New, simple enclosure
Observing Program

Large (1000-hr) projects not otherwise 
possible, using cutting-edge 
instrumentation

Technology demonstrations

Continued access for PI nights

Fully remote operations
Chilean and Chinese institutions to 

take lead on operations
Shanghai Normal University Key Lab for 

Astrophysics: C. Shu
Chilean work managed by CAS South 

American Center for Astronomy 
(CASSACA): Z. Wang (also SAO)

U de Concepcion Center for 
Astronomical Instrumentation (CePIA): 
R. Reeves
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CSO History

Grew out of an effort by Leighton in the 1970s  
to open up the study of the molecular ISM
w/ Neugebauer and Moffat, proposed  

to NSF 3-element interferometer  
in Owens Valley + single-dish for  
high, dry site

Developed a technique for inexpensive  
construction of 10-m segmented,  
parabolic, homologous dishes capable  
of submm surface accuracy 
(1975-1980)
Funded by NSF, NASA, and Kresge Fdn
Constructed the Caltech High Bay,  

where the Palomar mirror was  
polished, w/Caltech undergrads!

Brought Tom Phillips from Bell Labs, where he had developed the SIS tunnel junction 
mixer (1970s) and embarked upon mm/submm astronomy, to Caltech as director-
designate

NSF delayed start of CSO until completion of OVRO interferometer, funded CSO 
construction in 1984; first light 1987.
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The Caltech Submillimeter Observatory 

T. G. Phillips 

California Institute of Technology, Pasadena, CA, 91106, U.S.A. 

 
Abstract  "  A brief description of the history and technology 

of the Caltech Submillimeter Observatory (CSO) is presented.   
The design of the 10.4 m Leighton telescope is discussed and also 
the methods used for fine adjustments of the surface.  The dome 
design is explained, plus a short description is given of the 
technology of the detectors. 

Index Terms " submillimeter wave propagation; 
submillimeter wave antennas; submillimeter wave spectroscopy. 

 

I. INTRODUCTION 

The submillimeter band of the electromagnetic spectrum 
(wavelength 1 mm – 100 µm) falls between the radio and the 
infrared and it is not obvious whether the techniques for 
telescopes and receivers will be more radio-like or infrared-
like.  In fact it turns out that both are needed.  For high 
resolution spectroscopy radio techniques are used, but for low 
resolution or continuum studies, bolometers are used.  The 
telescopes which have pioneered the field have mostly been 
radio-style, using the standard design of stiff back-up structure 
and lightweight surface panels giving a typical rms surface 
error of about 20 µm for a 10 m class telescope.  From the 
“Ruze” formula, the shortest wavelength for good diffraction-
limited performance is about 400 µm.  Thus, for a 10 m 
telescope operating at 350 µm, a beam size of about 8 arc sec 
results.  Optical telescopes produce excellent beamshapes, but 
with high sidelobes and at vastly greater cost.  Detectors for 
submillimeter spectroscopy have been developed at the CSO 
and are now performing close to the theoretical limit given by 
“Quantum Noise”, up to about 700 GHz.  Such detectors, 
known as Superconductor-Insulator-Superconductor (SIS), use 
the phenomenon of photon assisted tunneling of quasi-
particles (dressed electrons) to generate a current through a 
tunnel junction.  They are photoconductors, but with an 
energy gap of the order of milli-electronvolts, matched to 
submillimeter energies rather than the ~ 1eV of semiconductor 
energy gaps, suitable for the optical.   

II. HISTORY OF THE CSO 

In 1973, Dr. Robert Leighton proposed to the NSF to build 
four millimeter-wave telescopes of 10.4 m diameter, three to 
work as an interferometer in the Owens Valley, and one as a 
single submm telescope on a high mountain site.  The 
proposal was approved, except that the NSF wanted the 
interferometer completed before the submm project was 
started.  Two prototypes of increasing stiffness were built 

before Leighton started work on what was to be the very 
accurate submm telescope.  Figure 1 shows the CSO dish 
under construction at Caltech, in the large building originally 
constructed for work on the Palomar 200″.  This initial work 
(1975-1980) was funded in part by NSF, NASA and the 
Kresge foundation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
At the same time as the telescope construction was starting, 

a decision was made to site the CSO on Mauna Kea at what is 
now known as Millimeter Valley – about 200′ below the 
summit – after several days of data taking by myself with a 
hand-held water vapor meter, to show that there was no 
significant difference in water column above the various 
possible sites.  It was also necessary to file an Environmental 
Impact Statement which involved several in depth studies and 
several public meetings in the 1981–1983 time frame. 
 Again in the 1981–1983 period the dome was designed and a 
plan developed for a trial assembly (Figure 2) at Caltech 
(while the 3 element interferometer was being completed in 
the Owens Valley, to the satisfaction of the NSF).  In 1984 the 
NSF approved the project and funded the construction on 
Mauna Kea, including the trial erection of the dome in 
Pasadena.  The original idea of building the shutter doors on 
the ground and subsequently hoisting them into place on the 
vertical tracks (see Figure 2) proved impractical due to the 
wind forces.  Instead the two large doors were assembled in 
place, on the tracks (Figure 3).  The design of the shutter is 
that the two doors (each covering 1/3 of the total dome 

 
 
Figure 1.  The submillimeter dish on an air-bearing, and under 
the parabolic cutter-track, in the large, thermally stable 
building originally constructed for work on the Palomar 200″ 
telescope. 

Dish surface cutting 
at Caltech
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CSO Construction
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CSO Construction
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CSO History

1990s: Primarily heterodyne instrumentation, first submm local ISM line 
surveys, searches in nearby galaxies, omnipresence of [CI], turbulence 
in ISM, studies of atmosphere in submm
Line surveys: Groesbeck+ (1992), Schilke+, Comito+
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gas, particularly at the higher densities. The densities of 
interest in star formation, where molecules dominate, span 
the huge range from < lo4 cm-3 to > lo1' cm-3. In 
addition, the physical and chemical state of the dense (> lo4 
~ m - ~ )  interstellar medium depends quite sensitively on its 
radiative environment and on the velocity fields present. 
Besides the ubiquitous cosmic-ray ionizing radiation, there 
may be nearby stars and resulting photodissociation regions 
(PDR's) present, or there might be a shocked region caused 
by a past supernova or an outflow from a young stellar 
object (YSO) in the neighborhood. These regions all may 
have separate submillimeter spectroscopic signatures. 

We can immediately see the importance of the submil- 
limeter band to star-formation studies by noting that the 
temperatures of the dense interstellar gas range from about 
10 K in the cooler regions to 100 or 200 K in the hotter and 
usually denser parts. Corresponding frequencies (hv N kT) 
range from about 200 GHz to 4 THz. This same range 
corresponds to many interesting molecular rotation and 
atomic fine-structure transitions. 

On the whole the emission strength is low in the submil- 
limeter for astronomical objects. The electronic processes 
which provide strong emission in the radio fade away 
at high frequencies and the thermal emission from cold 
objects is relatively weak. The combination of weak sources 
and embryonic detection technology provides a healthy 
challenge to the submillimeter instrument builder. An over- 
all view of the spectrum of a dense interstellar cloud 
in our own galaxy provides a sense of the spectroscopic 
requirements. Fig. 1 shows a schematic representation of 
the likely emission from a typical star forming cloud in the 
galaxy. The cloud dust and gas temperatures are assumed 
to be 30 K. A black body curve bounds the emission 
strength, apart from possible maser action, which is ignored 
here. Dust is optically thick at short wavelengths and the 
continuum emission from it lies on the black body curve, 
but drops well below at long wavelengths, where the dust is 
optically thin. At millimeter wavelengths the gas spectrum 
is dominated by emission caused by the rotation spectrum 
of heavy molecules. The strongest of these by far is that of 
the carbon monoxide (CO) molecule, which is so abundant 
that it can have optical depths of - 100 even though it has 
a dipole moment of only N 0.12 debye. 

Low-lying transitions of CO usually reflect the gas tem- 
perature and are represented in the figure (only by the 
lowest transition) as reaching the black body curve, at 
least for the line centers. However, for high values of the 
rotational quantum number ( J )  the molecules tend to be 
de- excited and emit less strongly, so the line intensities 
would drop below the black body curve. Besides CO there 
exists a plethora of heavy molecules whose complex spectra 
dominate the millimeter band. On the whole the lines from 
these molecules do not reach the black body curve, at least 
when viewed by existing telescopes. 

An actual example of part of the millimeter band spec- 
trum of the Orion cloud (OMC-1) is shown in Fig. 2. 
This was taken with a Caltech telescope using an SIS 
receiver [1]-[3]. The result was the detection of about 

ic------* 
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OF POLYACENLENES AND PAHS 
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2 7 K COSMIC BACKGROUND 
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Pmm lmm 500pm 200" 100pm 

- 1  
Fig. 1. A schematic presentation of some of the spectral content 
in the submillimeter band for an interstellar cloud. The spec- 
trum includes dust continuum, molecular rotation line and atomic 
fine-structure line emissions. 

900 lines, nearly all of which were identified as various 
transitions of about 30 molecules, varying in complexity 
from CO to dimethyl ether (CH3OCH3). The spectrum 
observed was about 60 GHz in width, which permitted 
multiline observations of the molecules, so necessary for 
secure identification. It is clear that providing a large instan- 
taneous bandwidth is a primary requisite of a millimeter or 
submillimeter receiver system. Of course, the data of Fig. 
2 were obtained with a receiver of only 1 GHz total (both 
side bands) sky coverage, so that the displayed spectrum 
is actually a composite of many individual scans. The 
double-sideband information was unscrambled to provide 
a continuous unduplicated spectrum by a deconvolution 
algorithm technique requiring that each line be observed 
in both sidebands during the scanning process. 

Returning to Fig. 1, as we move from the millimeter 
band, containing many lines of heavy molecules, to the 
submillimeter, we find that the spectrum is dominated by 
light molecules containing hydrogen. These light molecules 
have small moments of inertia and therefore rotate fast, so 
their fundamental rotation lines appear in the submillimeter. 
Heavy molecule lines will become less important owing 
to the de-excitation suffered by a molecule in a high-J 
energy level well above the ground state, when the density 
and temperature are inadequate to maintain that population 
at the thermal equilibrium value. This will be the case 
for all but the hottest sources, we expect. Some initial 
work has been performed on molecular spectroscopy in 
the submillimeter and this will be discussed in Section 11, 
together with atomic fine-structure line spectroscopy. 
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using an SIS receiver and the Caltech Submillimeter Observatory. The stronger lines are labeled, 
but many of the weaker lines are also identified, although a significant fraction are not [lo]. 

Table 1 Line Fluxes of Detected Species in the COBE Average Spectrum 

Species Transition U Flux x 10" 
(THZ) (Wm%' 

CO 5 = 2 - 1  0.230 2.8f0.4 

CO 5 = 3 - 2  0.346 3.9f0.9 
CO J = 4 + 3  0.462 4.2k0.9 
CI 2p2 : 3P1 -+ 3P0 0.492 6.4k1.3 

CO 5 = 5 - 4  0.577 3.1k0.9 
CI 2p2 ; 3 ~ 2  + 3 ~ 1  0.809 11.6f1.6 

NI1 2pz : 3 5  - 3P0 1.460 166*9 

CII 2p : 2p3/2 + 2p,/2 1.901 1726f70 

NI1 2p2  : 3P2 + 3 P ,  2.459 261*36 

density regions, which naturally exist only over small 
volumes and so provide information on the more com- 
plex aspects of interstellar chemistry. Work with the large 
ground-based submillimeter telescopes is in its early stages, 
but is already producing startling results on the degree of 
line profusion in dense molecular cloud regions. Recent 
surveys in the 350 GHz regions [8]-[lo] have shown that 
the line density of Fig. 2 does not yet decrease, but is still 
increasing as we enter the submillimeter band. The most 

recent survey in the Orion cloud (OMC-1) region, using the 
window around 350 GHz available to the CSO, is shown in 
Fig. 5 and verifies that the overall emission strength of the 
cloud, due to molecular emission, is increasing relative to 
longer wavelengths and that the contribution to the apparent 
continuum emission, as measured by broadband instruments 
such as bolometers, is strong [lo], [ l l ] .  Only about one half 
of the lines in Fig. 5 have so far been identified from the 
available catalog line lists [12]. 

Among the multitude of lines due to transitions between 
relatively highly excited states of heavy molecules may 
be some lines of simple, but light molecules, which rotate 
sufficiently fast that their fundamental transitions lie in the 
submillimeter band. These may be more easily seen in less 
hot or dense regions or by observing at higher frequencies 
yet, where excitation of the heavy molecules may be less 
probable. Also the atomic lines are likely to be observed in 
somewhat different circumstances from those suitable for 
observations of molecules and both of these situations are 
discussed in more detail below. Tables 2 and 3 give lists of 
some of the atomic and molecular submillimeter transitions 
for species of importance to interstellar medium chemistry 
or physics [13]-[15]. 

2) Carbon: Table 4 [16] gives a list of cosmic abun- 
dances of the elements, from which it is clear that the 
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CSO History

2000s: First large continuum arrays, continued heterodyne work
Dev’t of remotely operable, tunerless wide-bandwidth balanced heterodyne receivers

SHARC II: 350 µm imaging and polarimetry
Important SED point for dusty, star-forming galaxies (DSFGs) from submm surveys
Dusty sources in our galaxy
High resolution imaging of debris disks
Polarimetry with SHARP optics module

Bolocam: 1 mm/2 mm imaging
Extragalactic continuum surveys for DSFGs
220 deg2 of the galactic plane to 15-30 mJy rms; longitude -10 to 54°, latitude ±0.5°
1’ resolution SZ imaging out to R500 to Rvir

Z-Spec: direct detection spectroscopy across the 1 mm window
CO ladder, H2O, other molecular lines
High-z [CII]
Modeling of radiation environment in ISM

ZEUS: direct detection spectroscopy in 350 µm, 450 µm, 600 µm windows
[CII] and other atomic species at moderate redshift (z ~ 1-2)
Modeling of radiation environment in ISM

9
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D2H+

L1689N

CSO History: Hydride Spectroscopy

Spectroscopy of hydrides
H3O+ (Phillips+)

HCl (Schilke+)
D2H+ (Vastel+)
ND3 (Lis+)
13CH+ (Falgarone+)
CH2D+ (Roueff+)
Importance of deuterium  

fractionation in the cold,  
dense ISM

10

H3O+

OMC-1

HCl
OMC-1 ND3

B1

Sgr B2
Env

L-O-S
Clouds

CH3OH

13CH+



LCT 2019/01/15 Golwala

CSO History: Comets

Spectroscopy of comets
Detections of many new cometary volatiles

First ground-based detection of HDO in  
comet Hyakutake: origins of Earth’s water?

11
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CSO History: SHARC II 350 µm Imaging/Polarimetry

12

The Astrophysical Journal, 756:96 (14pp), 2012 September 1 Wu et al.

Figure 5. νLν units for SEDs in SHARC-II detected W12drop galaxies. The SEDs have been normalized by their total luminosities (derived by connoting SED data
points with power laws), and shifted to the rest frequency frame. All SEDs and galaxy templates are normalized at their flux density at rest-frame 5 µm.
(A color version of this figure is available in the online journal.)

found to be magnified by galaxy–galaxy lensing (Blain 1996;
Eisenhardt et al. 1996; Solomon & Vanden Bout 2005; Vieira
et al. 2010; Negrello et al. 2010). An immediate concern about
the hyperluminous W12drop galaxies is whether they are lensed,
too. However, high-resolution imaging follow-up of selected
W12drops does not indicate gravitational lensing (Eisenhardt
et al. 2012; C. R. Bridge et al., in preparation), so that the de-
rived ∼1014 L⊙ luminosities are consistent with being intrinsic
based on the current data. Additional high-resolution follow-up
observations with Hubble Space Telescope are currently under-
way and should reveal if these W12drop galaxies are not lensed.
If the lack of lensing is confirmed, then these galaxies are some
of the most luminous populations in the universe.

Their unusually high dust temperatures and extremely high
luminosities make W12drop galaxies of great interest for study-
ing galaxy formation and evolution. How do they become so
luminous? Are they experiencing special evolutionary events?
What is their relationship to other well-established galaxy pop-
ulations, such as SMGs and DOGs?

Classical SMGs are defined with strong 850 µm emission
(>5 mJy) which normally indicates significant cold-dust con-
tent. Table 3 gives examples of some W12drop galaxies that
meet this criterion. Hence some W12drop galaxies would be se-
lected as SMGs. However, the relatively low detection rate with
Bolocam at 1.1 mm implies that many W12drop galaxies are not
as bright as SMGs at longer wavelengths. This is understand-
able given that W12drop galaxies are dominated by emission
from hotter dust. DOGs normally have both AGN and starburst
contributions, with warmer dust grains than SMGs. In Dey et al.
(2008), DOGs are defined as galaxies with F24 > 0.3 mJy, and
R − [24] > 14 (in Vega magnitudes), where the R photometry
is centered at 6393 Å. Since the W4 band at 22 µm is similar to
the Spitzer 24 µm band, our W4 > 7 mJy selection corresponds
to much higher flux densities at 24 µm than normal DOGs. To
make a comparison between W12drops and typical DOGs, we
obtained r-band (centered at 6231 Å) photometry from SDSS
(DR8), as listed in Table 3, and used the r−W4 color to approx-
imate the R−[24] color. Taking the average power-law index α
of 2.09 from Table 4 and extrapolating to r band and 24 µm, the

7

Figure 6. W12drop galaxies in Table 1 (red) compared to DOGs from the Boötes
field (Dey et al. 2008, black). A subsample of the brightest DOGs which were
followed-up by SHARC-II at 350 µm are indicated in green (Bussmann et al.
2009). Circles represent targets with R-band detections and triangles denote
targets with R-band upper limits. We use SDSS r-band and r−W4 color to
approximate R and R−[24] for W12drop galaxies, except for W1814+4512
where we use the r-band magnitude reported in Eisenhardt et al. (2012). Blue
lines and arrows demonstrate the DOG selection criteria by Dey et al. (2008),
and the red dashed line marks the lower limit of W4 flux density for the
W12drop selection. W12drop galaxies satisfy the DOG classification, but are
much brighter at 24 µm.
(A color version of this figure is available in the online journal.)

difference between the r−W4 and R−[24] color ranges from
0.2 to 0.24 mag as R−[24] changes from 14 to 17. All 18 targets
in Table 3 that are covered by SDSS DR8 meet the r−W4 >
14 DOG criterion, with r−W4 ranging from 14.4 to 16.1 for
r-band detected sources, and r−W4 > 15.3 for r-band unde-
tected sources (using r = 22.9 Vega mag as the SDSS detection
limit). In Figure 6, we compare the distribution of R versus
R−[24] for these high-redshift W12drops to DOGs in D08.

11

J. Wu et al (2012)

Vaillancourt et al (2013):  
SHARP measurements elucidate shock front 
created by stellar winds from OB stars

SHARCII provides crucial 350 µm SED point
WISE DOGs

lensed SMGs
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CSO History: The ISM in High-Redshift Galaxies

Toward the future: a Herschel/SPIRE source at z = 6.3

One of the long-wavelength (500 µm) peakers in SPIRE

Redshift discovered with CARMA, confirmed with Z-Spec, including [CII]

13



LCT 2019/01/15 Golwala

CSO History: Unbiased Surveys of the Galaxy

Bolocam Galactic Plane Survey

14

The Astrophysical Journal, 799:29 (25pp), 2015 January 20 Ellsworth-Bowers et al.
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Figure 15. Face-on view of the Milky Way for sources with well-constrained
distance estimates (black circles), plotted atop an artist’s rendering of the Milky
Way (R. Hurt: NASA/JPL-Caltech/SSC) viewed from the north Galactic pole.
Yellow squares mark the locations of masers with trigonometric parallaxes
(Reid et al. 2014, Table 1). The image has been scaled to match the R0 used
for calculating kinematic distances. The outer dotted circle marks the solar
circle, and the inner dotted circle the tangent point as a function of longitude.
The dashed circle at Rgal = 4 kpc outlines the region influenced by the long
Galactic bar where the assumed flat rotation curve breaks down (Benjamin et al.
2005; Reid et al. 2014). Various suggested Galactic features are labeled. For
clarity, distance error bars are not shown.

undeveloped) self-consistent H i absorption prior DPDF may
solve this mystery.

Notwithstanding uncertainties in source location in Figure 15,
several prominent Galactic features begin to suggest themselves
based on the BGPS V2 distance catalog. The most significant
is the end of the Galactic bar near ℓ = 30◦ and the start
of the Scutum–Centaurus arm moving to smaller longitude.
Next is the general outline of the Sagittarius arm, visible
from (xgal, ygal) ≈ (−3, 3) kpc counterclockwise around to its

tangency near ℓ = 50◦. Portions of the Perseus arm are traceable
in the ℓ = 40◦–50◦ region and again in the outer Galaxy. Finally,
the BGPS detects 23 objects in the Outer arm beyond the solar
circle in the ℓ = 20◦–80◦ range, at a heliocentric distance of
≈10–15 kpc.

6.5.2. Vertical Distribution of Star Formation

In addition to the face-on map of the Milky Way, well-
constrained distance estimates permit study of the vertical dis-
tribution (z) of sources about the Galactic midplane (Figure 16).
The errors tabulated in the last column of Table 5 include con-
tributions from variations in z along the line of sight over the
range d⊙ ± σd and the ±5 km s−1 uncertainty in the solar offset
above the Galactic midplane (Jurić et al. 2008), added in quadra-
ture. The left panel depicts the histogram of z, which may be
fit by a Gaussian with a centroid at +9.2 ± 0.7 pc, a FWHM
of 65.3 ± 1.3 pc, and a reduced χ2

red = 1.8. The centroid being
at slight positive z should not be confused with a centroid at
slight positive Galactic latitude. In the middle panel, however,
it is apparent that the width and centroid of the distribution may
be slightly misleading owing to the nominal |b| ! 0.◦5 limit of
BGPS coverage. The cyan dashed lines in that panel mark this
limit at ℓ = 30◦ (these limits rotate to more positive values at
larger longitude owing to the Sun’s vertical displacement above
the z = 0 plane). In both the middle and right panels, red circles
mark BGPS sources in the outer Galaxy (ℓ > 90◦) where sur-
vey coverage was neither blind nor uniform, but rather focused
on known regions of star formation. The gray dot–dashed lines
mark the FWHM of the Galactic molecular layer (=120 pc;
Bronfman et al. 1988). The BGPS does not probe the full width
of the molecular layer until d⊙ " 6 kpc, whereas the bulk of the
distance catalog (≈76%) is closer than this point. The FWHM
of the distribution in the left panel, therefore, should be viewed
as a lower limit on the scale height of dense star-forming gas in
the Galactic plane (see Section 7.1 for a discussion of the ob-
servational effects of the BGPS on the derived vertical position
distribution). The rightmost panel in Figure 16 illustrates the
relationship between Galactocentric radius and vertical
position; the orange star marks the Sun’s location. Visible here
is a warp in the molecular disk beyond the solar circle.
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Figure 16. Vertical distribution of sources about the Galactic midplane. Left: histogram of z with Gaussian fit overplotted. Center: vertical position as a function of
heliocentric distance, with cyan dashed lines showing approximate boundaries of BGPS coverage (|b| ! 0.◦5) at ℓ = 30◦. Sources plotted in red are at ℓ > 90◦. The
gray dot–dashed lines mark the 60 pc scale height of molecular gas (Bronfman et al. 1988). Right: vertical position as a function of Galactocentric radius. Red sources
and gray dot–dashed lines as in the middle panel. The star marks the Sun’s location.
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Abell 2204

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell 383

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell 209

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell 963

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell 1423

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell 2261

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell 2219

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell 267

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

RX J2129.6

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell 1835

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell 697

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell 611

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MS 2137

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell S1063

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J1931.8

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J1115.8

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J1532.9

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Abell 370

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J1720.3

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

ZWCL 0024

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J2211.7

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0429.6

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0416.1

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0451.9

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J1206.2

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0417.5

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0329.6

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J1347.5

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J1311.0

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J2214.9

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0257.1

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0911.2

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0454.1

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J1423.8

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J1149.5

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0018.5

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0717.5

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MS 2053

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0025.4

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J2129.4

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0647.7

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MACS J0744.8

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

MS 1054

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

CL J0152.7

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

CL J1226.9

-32 -16  -8  -4  -3  -2  -1   0   1   2   4   8  16
S/N

Fig. C.3.— Thumbnails showing the S/N per beam in the processed SZE images for all 45 BOXSZ clusters. The images are 14�⇥14� in
size. The color scale is linear from S/N of �4 to S/N of +2 to allow an accurate visualization of the noise and low S/N SZE decrements,
and the color scale is quasi-logarithmic at lower and higher S/N values. This logarithmic scale is required due to the large dynamic range
of some images due to significant SZE decrements and/or bright point sources. Note that the point sources are subtracted from the data
prior to any estimation of Y2500.
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Fig. 4.— Thumbnails of the deconvolved Bolocam images at 140 and 268 GHz. We have scaled both images to units of Compton-y,
including positionally dependent relativistic corrections based on the X-ray-determined temperature map. The relativistic corrections
generally range from 8 − 15% at 140 GHz and from 20 − 40% at 268 GHz. The 140 GHz image is smoothed with a 60′′ Gaussian, and the
268 GHz image is smoothed with a 30′′ Gaussian. The contours are spaced by 1× 10−4, with solid showing positive y and dashed showing
negative y. The green circles show the 1′ diameter apertures centered on sub-cluster C (lower left) and sub-cluster B (upper right). The
total Compton-y signal towards sub-cluster C is nearly identical at the two wavelengths, while there is a clear difference towards sub-cluster
B.

distribution of 1000 values is consistent with Gaussian,
and we find PTEs of 0.75 and 0.57 at 140 and 268 GHz,
respectively. We note that these surface brightness val-
ues are consistent with those derived from the best-fit
model, although there is significantly more measurement
uncertainty on the 268 GHz value. This additional un-
certainty is a result of the significant large-angular-scale
atmospheric noise in those data, which is amplified by
the deconvolution of the signal transfer function.

6.2. Systematic Uncertainties

First, we note that our flux calibration is accurate to
5% at 140 GHz, and to 10% at 268 GHz (Sayers et al.
2012). We have included these uncertainties in our sys-
tematic error budget.

To estimate the systematic errors due to the model-
dependence of our results, we repeat our analysis of
computing model-based and directly integrated surface
brightnesses towards sub-cluster B at both 140 and
268 GHz using a range of different models, with a sum-
mary of the results in Table 1. First, we replace the
baseline pseudo Compton-y map we use in our model
with a set of 20 realizations of the pseudo Compton-y
map that we generate according to the X-ray measure-
ment uncertainties on the mean Te for each contbin re-
gion (see Section 4.2). Next, we constrain our baseline
model using 3′ × 3′ and 5′ × 5′ regions of the Bolocam
images instead of the nominal 4′ × 4′ region we use in
Section 5. In addition, we consider an SZ model that
does not include the pseudo Compton-y map, and in-
stead only includes SZ templates centered on the sub-
clusters. We repeat the F-test decision tree described in
Section 5 to determine which of the sub-clusters require
an SZ template for this model. We find that, without the
pseudo Compton-y map, the data require SZ templates
centered on sub-clusters B, C, and D. This fit produces
a PTE of 0.64, indicating that the data are adequately
described by this model.16 Furthermore, we re-ran the
F-test decision tree with the PTE threshold increased by

16 The adequacy of this somewhat simple and ad-hoc model in
describing our data is likely due to Bolocam’s coarse angular res-
olution, which largely blurs any sub-structures not well described

a factor of two to 0.04. With this new threshold, the
model consists of the pseudo Compton-y map with a sin-
gle normalization, along with SZ templates centered on
sub-clusters A and B (i.e., relative to the baseline model,
an additional SZ template is required for sub-cluster A).
Finally, we determine the effects of varying the scale ra-
dius of the profile used as a template of the SZ signal
towards sub-cluster B. We vary the scale radius over a
range of 0.67− 1.5 times its nominal value, which corre-
sponds to a scaling of the assumed mass of sub-cluster B
by a factor of 0.3 − 3.4.

Considering this broad range of possible models that
we could have chosen to describe our data, we find that
the model-derived surface brightness of sub-cluster B
never changes by more than 1.0 times the measurement
uncertainties given in Section 6.1. For the surface bright-
ness values obtained from direct integration of the de-
convolved images, we find that the change is never larger
than 0.6 times the uncertainties given in Section 6.1. As
expected, the model-derived surface brightnesses have
a stronger model dependence compared to the directly
integrated surface brightnesses, although the latter still
have a noticeable model-dependence due to the method
by which we constrain the DC signal level of the decon-
volved image. Based on these results, we conservatively
include an additional systematic uncertainty of 1.0 times
the measurement uncertainty for the model-derived sur-
face brightnesses, and 0.6 times the measurement uncer-
tainty for the directly integrated surface brightnesses. A
full summary of our best-fit surface brightnesses, along
with the full error budget on these values, is given in
Table 2.

In addition to exploring how our choice of model affects
our results, we also examine the effects of varying the
aperture we use to compute the average surface bright-
ness towards sub-cluster B. First, we examine three pos-
sible choices for the location of sub-cluster B: 1) the loca-
tion given by Ma et al. (2009) based on the distribution of

by the smooth SZ templates. However, we note that this model
requires twice as many free parameters as our baseline model in
order to obtain an adequate fit according to our F-test decision
tree.
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Fig. 6.— Our best-fit SZ spectra. The top row shows the fits to sub-cluster B, and the bottom row shows the fits to sub-cluster C. The
left column shows the SZ surface brightnesses we determine from the model fit, and the right column shows the SZ surface brightnesses we
determine via direct integration of the deconvolved images. The best-fit thermal-SZ-only spectrum is shown in red, the best-fit kinetic SZ
spectrum is shown in green, and the best-fit thermal plus kinetic SZ spectrum is shown in blue, with the widths showing the 1σ confidence
region of the fits. We include relativistic corrections in all of the spectra.

9.2. Limitations to Our Kinetic SZ Constraints

Given the range of multi-wavelength data that we use
to place constraints on vz, we also estimate how each
of these datasets contribute to our overall uncertainties.
First, as noted in Section 4.3, previous results have in-
dicated that there is a systematic difference in temper-
atures derived from Chandra and XMM, and the tem-
peratures we measure are in general agreement with this
systematic difference. At this point, the cause of this
difference has not been conclusively demonstrated. Due
to this lack of a conclusive understanding of the differ-
ence, combined with the fact that the difference between
the X-ray temperatures we derive from the two observa-
tories is of modest statistical significance, we choose to
constrain the electron temperatures via the joint likeli-
hood from the Chandra and XMM data. If we instead
adopt the XMM-only values of Te, then we find best-fit
values of vz equal to +3300 km s−1 and +2450 km s−1 for
the model fit and direct integration of sub-cluster B and
−450 km s−1 and −400 km s−1 for the model fit and di-
rect integration of sub-cluster C. If we instead adopt the
Chandra-only values of Te, then we find best-fit values vz

equal to +4000 km s−1 and +2900 km s−1 for the model
fit and direct integration of sub-cluster B and −550 km
s−1 and −450 km s−1 for the model fit and direct inte-
gration of sub-cluster C. For sub-cluster B, the Chandra-
only temperatures yield line-of-sight velocities that differ
by ≃ 0.5σ, but all of the other values are statistically in-
distinguishable from our results in Table 3. Therefore,

we conclude that X-ray calibration uncertainties do not
strongly affect our constraints on vz . We further note
that the significance of our kinetic SZ measurement from
vz = 0 is nearly independent of the exact value of Te and
the slight differences in vz for the different temperatures
are due to the inverse relationship between Te and τe for
a fixed y, coupled with the inverse relationship between
vz and τe for a fixed kinetic SZ surface brightness.

To assess the impact of the X-ray uncertainties on Te,
we also rerun all of our fits with vanishing uncertainties
on the X-ray derived Te. Even in the case of sub-cluster
C, when using the Chandra-only measurement with un-
certainties of Te

+7.8
−3.8 keV, the derived uncertainties on

vz increase by only ≃ 10% when using the measured un-
certainties instead of assuming that the uncertainty on
Te is equal to 0. Therefore, the X-ray uncertainties are
not significant in our overall error budget on vz.

To determine the effect of the CIB on our measure-
ment of vz, we also compute the SZ brightness under
the assumption that the CIB is completely and noise-
lessly subtracted from the data. Specifically, compared
to our default noise realizations, we remove the noise
from the undetected CIB, along with our uncertainties
on the subtracted CIB (see the Appendix). This results
in a negligible change in the 140 GHz surface brightness
uncertainties, and a ≃ 10−20% reduction in the 268 GHz
surface brightness uncertainties. There is a correspond-
ing ≃ 10 − 20% reduction in our derived uncertainties
on vz. In addition, we estimate the potential bias that

Red = tSZ
Green = kSZ
Purple = total

Detection of a 
3000 km/s 
sub-cluster in 
MACSJ0717.5
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CSO History

2010s: Continued new instrumentation development
Kinetic Inductance Detectors

Highly multiplexable superconducting detector technology invented at Caltech/JPL ~ 2000
Provides path to large CCD-like arrays of submm detectors

Superconducting Microstripline
Enables “RF-style” circuitry at submm/mm wavelengths

Phased-array antennas covering wide bandwidths
Bandpass filters and filterbanks

MUSIC
4-band (850 µm - 2 mm) → 6-band (750 µm - 3 mm) imaging camera covering 14’ FoV 

using phased-array antennas and bandpass filters
Imaging of dusty galaxies, clusters and galaxies in Sunyaev-Zeldovich effects, nearby star 

formation

MAKO
Technology development toward 350 µm kilo pixel arrays using direct absorption KIDs

SuperSpec
“Spectrometer-on-a-chip” using superconducting filter banks and KIDs, 100-500 GHz
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Observatory, Interrupted

ca. 2010: A vibrant observatory
Sustained scientific productivity

Multiple new instruments in dev’t
Preparing handoff to CCAT

An unfortunate series of events
2009: Decommissioning announcement:  

Maunakea site not viable past 2016

2011: NSF operating proposal declined
2013: End of University Radio Observatory program
2014: CCAT MSIP declined, consortium splinters

2015: CSO suspends operations

Strong motivation to find a path
In the midst of developing new scientific capabilities with new instruments
Telescope a unique resource: only 11 µm rms (850 GHz-capable), 10-m telescope

No concrete path to US access to such single-dish capability

Technology also reduced operating expenses
Full remote observing 2013 onward
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LCT Motivation
Most importantly: Technology continues to move quickly

SIS mixer bandwidth can be fully used w/wider-bandwidth IF amps and digital spectrometers 
multiband imaging arrays, focal-plane-array spectrometers multiply effective time
350 µm FoV can now be filled; would exceed SCUBA-2 450 µm capability
superconducting parametric amplifier: quantum-limited detection into the THz?

Chile is a better millimeter and submillimeter site: ~1.5-2x better opacity on average
λ = 350 µm more regularly, less sky loading at λ = 850 µm, better sky noise for λ ≳ 1 mm

Leighton Telescope remains highest surface accuracy US-accessible 10-m aperture 
11 µm rms surface yields effective area equivalent to APEX 12-m (17 µm rms (→10 µm)) 
CSO in process of being decommissioned: telescope could be lost forever 

Telescope drives can be upgraded for fast scanning (~deg/sec) to freeze sky noise
Not conceived of at time of construction

Field-of-view
FoV expanded by 3-4x in area with last mm-wave camera
Expanded 350 µm FoV never utilized (7’ FoV, 30x current 350 µm camera FoV)

1000-hr programs are disfavored on 100% user facilities
[CII] tomography, deep cluster integrations, 350 µm DSFG surveys, etc.

Complements ALMA: preparatory data, zero-spacing fluxes, integral quantities

19
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Instrumentation Suite: Recent Past
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Instrumentation Suite: Recent Past

21

Right Nasmyth:
SHARC-II/SHARP
Z-Spec resides adjacent

Sidecab (left Nasmyth):
230/460 dual color Rx
345/650 dual color Rx

Alidade: Cassegrain Focus
MUSIC
Future wide-FoV
Special tests (surface measurement, FTS, etc.)

Broad instrument suite available at one time
Remote operation and instrument switching
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Instrumentation Suite: Near-Term
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Implement modern 
850 GHz Rx

SuperSpec/TIME:  
3-16 pix in 200-300 GHz window now

SHARC II/SHARP
one band at a time
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Instrumentation Suite: Long-Term
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SuperSpec/TIME: full-field IFU @ R = 1000

quantum-limited kinetic inductance parametric amplifier
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LCT Site: Excellent for Submm/mm Observations

Opacity
1.5x better at 350 µm: 350 µm band usable more of the time with better sensitivity

225 GHz opacity ~2x better on average

Sky noise
Sky noise rms scales linearly with  

opacity/PWV
More critical for wide-field mapping at  

mm wavelengths
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4.4. Data Edits

At various times, the tippers suffered outages that might
affect the data quality. Measurements were excised, therefore,
if they failed any of several tests indicating software or
hardware malfunction. The fraction of data discarded depended
on local circumstances. Because these tests are based on
objective, internal properties of the instruments, not on external
conditions, we believe these edits have not biased the data.
Indeed, the statistics of the raw, unedited data are very close to
the statistics of the edited data.

4.5. Side by Side Comparisons

Although the instruments share the same design, compo-
nents, and construction, side by side comparisons are important
to confirm they perform identically. Although it was not
possible to test all the tippers together under realistic
submillimeter observing conditions prior to deployment,
comparisons were made on three occasions. On Maunakea,
two tippers were operated side by side during 2011 August–
October. On the Chajnantor plateau, the other two instruments
were operated side by side during parts or all of 31 months in
2000–2001, 2005–2006, and 2009. This included one week
when the two instruments were separated by 1 km, one at at
ALMA and the other at the CBI. In 2001–2002, the South Pole
tipper was operated side by side with the modified tipper used
at Dome C (Calisse et al. 2004a, 2004b). On all these
occasions, the side by side measurements show excellent
agreement (Figure 4). The paired, simultaneous measurements
are highly correlated, »r 1, and indicate the instruments
produce identical results.

5. Results

The measurements show all four sites enjoy periods of
excellent observing conditions, -t 1 (Table 2 and Figure 5).
Even on these occasions, however, atmospheric absorption at

350 μm is substantial. As a reminder, when the zenith optical
depth t = 1, the zenith transmission is only 37%. Submilli-
meter astronomy remains challenging even at premier sites.

5.1. Site Conditions

The best conditions occur more often at the South Pole and
in the vicinity of Chajnantor than on Maunakea. The median
optical depth on the Chajnantor plateau is similar to the first
quartile on Maunakea. First quartile conditions at the South
Pole and on the Chajnantor plateau are similar. The cumulative
distribution for the South Pole is remarkably sharp; the South
Pole hardly ever experiences the poor conditions, t > 3,
experienced at the other sites during storms. Conditions on
Cerro Chajnantor are significantly better than on the the
plateau.
At all locations, the minimum measured optical depth is not

zero but in the range 0.3–0.4. Although this measured
minimum may be at least partially an instrumental artifact, it
does depend on altitude, being smallest at the highest site,
Cerro Chajnantor. This suggests the minimum corresponds to
absorption by dry air, i.e., atmospheric components other than
water vapor. This phenomenon has been discussed in detail
previously (Pardo et al. 2001a, 2001b, 2005).

Figure 4. Correlation between broad band 350 μm zenith optical depth
measured simultaneously with side by side tipper pairs: (left) on Maunakea
during 2011 August–October ( =r 0.97) and (right) on the Chajnantor plateau
during parts or all of 31 months in 2000–2001, 2005–2006, and 2009
( =r 0.98).
(A color version of this figure is available in the online journal.)

Table 2
350 μm Zenith Optical Depths

Maunakea South Pole Chajnantor Plateau Cerro Chajnantor
Start 1997 Dec 1998 Jan 1997 Oct 2006 May
Stop 2016 Feb 2016 Feb 2016 Feb 2013 Jun

75% 4.2 1.7 2.9 2.0
50% 2.5 1.3 1.7 1.1
25% 1.5 1.1 1.1 0.8

Figure 5. Cumulative distributions of broad band 350 μm zenith optical depths
measured on Maunakea (MK), at the South Pole (SP), on the Chajnantor
plateau (CP), and on Cerro Chajnantor (CC).
(A color version of this figure is available in the online journal.)
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Figure 8. Plots of the amplitude of the atmospheric noise, B2
ν , as a function

of column depth of precipitable water vapor, CPW . The data points show the
median value of B2

ν and the error bars give the uncertainty on this median value;
the light shaded region spans the 10th–90th centile values of B2

ν , and the darker
shaded region spans the 25th–75th centile values of B2

ν . The top plot shows
Bolocam data collected at 143 GHz and the bottom plot shows Bolocam data
collected at 268 GHz. Overlaid on the plots is a fit to the data assuming that the
fractional fluctuations in the column depth of precipitable water are constant

(i.e., that B2
ν is proportional to

(
dϵτ

dCPW
CPW

)2
B2

atm).

(A color version of this figure is available in the online journal.)

locations) implies that the ratio of ( dϵτ

dCPW
CPW )2B2

atm should
predict the ratio of B2

ν . This prediction, again based on the Pardo
ATM model (Pardo et al. 2001a, 2001b, 2005),15 is that the ratio
of B2

ν should be 12 for the ≃150 GHz bands and 21 for the

15 Note that by adjusting the input parameters, the Pardo ATM model can be
matched to the conditions at the South Pole.

≃275 GHz bands.16 These predicted scalings are much lower
than the observed scalings of 25 and 50, indicating that the value
of ( δCPW

CPW
)2 is a factor of ≃2 lower at the South Pole compared to

Mauna Kea. Consequently, in addition to the South Pole being
on average much drier than Mauna Kea, we conclude that the
fractional fluctuations in the column depth of water vapor are
also lower by a factor of ≃

√
2.

Thus, because ( δCPW

CPW
)2 is a factor of ≃2 larger at Mauna Kea

compared to the South Pole, and because the median value
of C2

PW is a factor of ≃40 larger at Mauna Kea compared to
the South Pole, we find that B2

ν is a factor of ≃80 larger at
Mauna Kea compared to the South Pole for millimeter-wave
observations. Additionally, Bussmann et al. (2005), using the
results in Lay & Halverson (2000), found that the value of B2

ν
is a factor of ≃30 lower at the South Pole compared to the
ALMA site in Atacama. Therefore, we can infer that B2

ν is a
factor of ≃3 lower at the ALMA site compared to Mauna Kea.
Since the value of ( dϵτ

dCPW
CPW )2B2

atm is a factor of ≃3.5 lower
at the ALMA site than Mauna Kea for the median observing
conditions at each location, we find that the value of ( δCPW

CPW
)2

is similar for Mauna Kea and the ALMA site.17 Therefore, the
fractional fluctuations in the column depth of precipitable water
vapor appear to be the same at Mauna Kea and the ALMA
site, but they are significantly lower at the South Pole; these
lower fluctuations at the South Pole may be due to the lack
of diurnal variations at that site. We emphasize that these are
statements about the fluctuations in CPW , and thus relate only
to atmospheric noise. In shorter wavelength bands with higher
opacity, it may be that signal attenuation and photon noise due
to the absolute opacity are more important than atmospheric
noise in determining the quality of a given site.

16 We have used the measured Bolocam and ACBAR bandpasses, along with
the Pardo ATM model (Pardo et al. 2001a, 2001b, 2005), to determine the
value of ( dϵτ

dCPW
CPW )2B2

atm for each instrument for the median observing
conditions at their respective sites. Although the Bolocam and ACBAR bands
are similar, there are important differences; not only are the Bolocam bands
centered at lower frequencies than the ACBAR bands, but the ≃150 GHz
Bolocam band is significantly narrower as well. Since the value of ( dϵτ

dCPW
)2 is,

in general, a strong function of observing frequency, these subtle differences in
the observing bands produce noticeable differences in the predicted value of
B2

ν . Additionally, differences in the atmosphere above each location can cause
significant differences in the value of ( dϵτ

dCPW
)2 for a given value of CPW .

Specifically, the ratio of ( dϵτ
dCPW

)2 between Bolocam and ACBAR is ≃0.30 for
the ≃150 GHz bands and ≃0.45 for the ≃275 GHz bands.
17 The median value of CPW at the Cerro Chajnantor site under consideration
for the Cornell–Caltech Atacama Telescope (CCAT) is approximately
0.83 mm, so the median value of B2

ν should be about 30% lower at the CCAT
site compared to the ALMA site.

Table 1
Atmospheric Noise Amplitude (B2

ν )

Instrument Frequency Quartile 1 Quartile 2 Quartile 3

Bolocam 143 GHz 100 mK2 rad−5/3 280 mK2 rad−5/3 980 mK2 rad−5/3

ACBAR 151 GHz 3.7 mK2 rad−5/3 10 mK2 rad−5/3 37 mK2 rad−5/3

Bolocam/ACBAR 27 28 26

Bolocam 268 GHz 1100 mK2 rad−5/3 4000 mK2 rad−5/3 14000 mK2 rad−5/3

ACBAR 282 GHz 28 mK2 rad−5/3 74 mK2 rad−5/3 230 mK2 rad−5/3

Bolocam/ACBAR 39 54 61

Notes. The observed quartile values of B2
ν for the two Bolocam observing bands from Mauna Kea and two of the ACBAR observing

bands from the South Pole. The ratio of B2
ν for the two instruments is given for each of the bands (≃150 and ≃275 GHz).
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LCT Enablers:  
Telescope

Leighton Telescope is  
eminently transportable
Limited surface retuning  

if primary moved in  
one piece

50 µm rms for OVRO moves
APA move demonstrates 

prospect of move 
of intact primary

Full move plan dev’d by RSS

25
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Figure 4: Disassembly of a Leighton telescope for transport. These images show the sequence for
disassembly of a Leighton telescope for transport, from the move of the OVRO Leighton telescopes
back to Owens Valley floor after the termination of CARMA at the Inyo Mountains high site. Upper
left: Lifting of secondary and feedleg off after separation from primary. Upper right: Attachment
of “cherry stem” for lifting of primary off of drive pedestal. Middle left: Lifting of primary off
of pedestal. Middle right: Dropping of primary onto transport structure. Bottom left: Primary
tipped to vertical on its trailer, pedestal dropped onto its trailer. Bottom right: Primary on its
trailer, counterweight removed, ready for transport. For the move of the LCT, the primary will
first be loaded into a crate and the crate loaded onto a similar tipping transport structure, but
this one will have to ability to tip the primary to a range of angles to accommodate various road
width restrictions and overhead interferences. Also, the pedestal will be separated into two parts,
the base and the thrust ring that attaches to the primary, so that each pedestal component can be
laid on its side for transport. The side and Cassegrain platforms will also be removed.

Facilities and Resources – 3

Scenes from the move of the OVRO Leighton Telescopes to CARMA site

A
P
A

The re7ector makes the 10 mile

 journey up the mountain, avoiding 

rocks and trees. 

APA move to Kitt Peak

http://aro.as.arizona.edu./12m_docs/New_12M/APA_Transport.pdf
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Caltech est’d site  
for CBI and QUIET
Site allows expansion to  

meet LCT needs

Inside ALMA: excellent  
physical access,  
proximity to utilities,  
safety

LCT Enablers:  
Site
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13

17

16

13

CBI foundation pad

entrance at SE corner

LCT Enablers:  
Site
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15

18

19

Lighted, no heat/oxygen

Heat/light/oxygen

diesel generators

lightning protection

LCT Enablers:  
Site

14

diesel fuel tank

lightning protection
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LCT Roles

Caltech
Technical heritage  
→ technical leadership role during 
deconstr/move/recom phase

Continued technology development 
primarily in bolometers and 
parametric amplifier

Continued science leadership
esp. large surveys using new 

instrumentation

New Receiver Labs at ShNU/UdeC
Refurbish/build SIS heterodyne receivers

345/650 at ShNU, 230/460 at UdeC

Involvement in future developments
array receivers, 850 GHz, param. amp.
joint with PMO

Personnel
ShNU staff Dr. Duo Cao worked with 

CSO experts to test SIS Rx’s 2018
UdeC ramping up expertise via visits to 

Caltech, ShNU
30

Shanghai Normal University
Lead for Chinese involvement

Oversight of CASSACA effort in Chile
New enclosure design/construction
Site infrastructure

Interface to Chinese user community 
(via CASSACA/NAOC)

Universidad de Concepcion
Lead for Chilean Involvement

Operations lead
Interface to Chilean user community
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LCT Progress and Status
Late 2015/early 2016: Readhead midwifes collaboration to move CSO to CBI site in Chile

Caltech (Golwala)
Chinese Academy of Sciences South American Center for Astronomy (CASSACA; Zhong Wang, 

former OVRO postdoc), 

Universidad de Concepcion (Reeves, former CBI/QUIET engineer/postdoc)

2016
Conceptual Design Report (CDR) written
RSS contracted to estimate move cost: $1.4M + contingency

2017
Shanghai Normal University brought in as Chinese university partner

CDR results in “preliminary and provisional approval” from ALMA to use the CBI site pending 
approval of Foreign Ministry and CONICYT

2018
PM Gary Parks engaged to develop full cost/schedule estimate
Foreign Ministry approves LCT on basis of preexisting CBI approval
ShNU receives ~50% of funds needed to undertake project, deemed “national project”

Terms for CONICYT approval developed with CONICYT Astronomy director

2019
Submit NSF MRI and MSRI proposals

31
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LCT Funding Model and Community Participation Ideas
Planning/Project Development

Caltech/CASSACA discretionary funds, ~$400k spent to date

Disassembly/Move/Recommissioning (DMR) Phase: ~$8M
ShNU funds in hand ~50%

In-kind manpower contribution from UdeC and CASSACA
Caltech seeking NSF funds for 2nd half in exchange for survey data access

Operations Phase: ~$1M/yr
CASSACA in-kind manpower

2 techs, 1 engineer

UdeC in-kind manpower
Technical Manager, 1 engineer, 1 programmer/IT, admin support, including hosting local operations office)

ShNU cash contributions

Community involvement ideas:
NSF MRI or MSRI funds are buy-in, provide access to survey data: $4M
Tech demo nights in exchange for NSF ATI/NASA SAT funding 

10 nights for $100k/yr?  Provides on-sky testing of PI instruments or of NASA mission pathfinders

PI nights or survey participation in exchange for NSF operations funding
$300k-$400k/yr for 30-40 nights PI time or survey participation?

PI instruments
Science access in exchange for serving instrument to user community?

32
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Conclusions

CSO has long and accomplished history of opening submm windows, 
continuing cutting-edge instrumentation development

Decommissioning of CSO presents deadline for use of unmatched 
Leighton Telescope

LCT project planning is moving forward
Developing full project plan, budget, schedule
Working on completing funding, developing opportunities for community 

participation
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